Cyclins are one of the pivotal determinants regulating cell cycle progression. We previously reported that the trans-activator Tax of human T-cell leukemia virus type I (HTLV-I) induces endogenous cyclin D2 expression along with cell cycle progression in a resting human Tcell line, Kit 225, suggesting a role of cyclin D2 in Taxmediated cell cycle progression. The cyclin D2 gene has a typical E2F binding element, raising the possibility that induction of cyclin D2 expression is a consequence of cell cycle progression. In this study, we examined the role and molecular mechanism of induction of the endogenous human cyclin D2 gene by Tax. Introduction of p19
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1 Human Gene Sciences Center, Tokyo Medical and Dental University, 1-5-45 Yushima, Japan Cyclins are one of the pivotal determinants regulating cell cycle progression. We previously reported that the trans-activator Tax of human T-cell leukemia virus type I (HTLV-I) induces endogenous cyclin D2 expression along with cell cycle progression in a resting human Tcell line, Kit 225, suggesting a role of cyclin D2 in Taxmediated cell cycle progression. The cyclin D2 gene has a typical E2F binding element, raising the possibility that induction of cyclin D2 expression is a consequence of cell cycle progression. In this study, we examined the role and molecular mechanism of induction of the endogenous human cyclin D2 gene by Tax. Introduction of p19 INK4d , a cyclin dependent kinase (CDK) inhibitor of the INK4 family speci®c for D-type CDK, inhibited Tax-mediated activation of E2F, indicating requirement of D-type CDK in Tax-mediated activation of E2F. Previously indicated E2F binding element and two NF-kB-like binding elements in the 1.6 kbp cyclin D2 promoter fragment had little, if any, eect on responsiveness to Tax. We found that trans-activation of the cyclin D2 promoter by Tax was mainly mediated by a newly identi®ed NF-kB-like element with auxiliary contribution of a CRE-like element residing in sequences downstream of 7444 which were by themselves sucient for transactivation by Tax. These results indicate that Tax directly trans-activates the cyclin D2 gene, resulting in
Introduction
Human T-cell leukemia virus type I (HTLV-I) is a causative agent of adult T-cell leukemia Poiesz et al., 1980; Yoshida et al., 1982) . The 40 kDa protein Tax encoded by the HTLV-I genome is thought to play critical roles in transformation of human T lymphocytes in vitro (Grassmann et al., 1989; Akagi et al., 1995) and induction of tumor and leukemia in vivo (Nerenberg et al., 1987; Grossman et al., 1995) . Tax was initially identi®ed as a trans-acting transcriptional activator which activates its own viral enhancer of the 21 bp motifs in the long terminal repeats through binding to cAMP-responsive elementbinding factor (CREB) (Yoshida, 1995) . Subsequently, Tax was found to activate enhancers of cellular genes which encode molecules involved in cell growth signaling, including genes for growth factors and their receptors, cytoplasmic signal transmitters and nuclear transcription factors (Yoshida, 1995) . Tax is considered to induce expression of the cellular genes through modulation of host transcription factors, such as nuclear factor kB (NF-kB) and serum responsive factor (SRF) in addition to CREB (Yoshida, 1995) . Tax-mediated modulation of these growth related genes is thought to make cellular circumstances advantageous for host cell growth.
Cell proliferation is strictly controlled by the cell cycle. Progression through G1 and into S phase is controlled by G1 cyclin dependent kinases (CDKs), cyclin D-dependent and cyclin E-dependent kinases (Sherr, 1996) . D-type cyclins including D1, D2 and D3 are induced by mitogenic signals. They bind and activate CDK4 and CDK6 which then phosphorylate members of the retinoblastoma tumor suppressor protein family, pRb, p107 and p130, consequently activating the transcription factor E2F. E2F plays crucial roles in G1/S progression by regulating various genes which encode molecules involved in cell cycle progression and DNA replication (Dyson, 1998; Nevins, 1992) . Normal T cells predominantly express cyclin D2 and cyclin D3 by stimulation with mitogens (Ajchenbaum et al., 1993) .
Tax has been reported to bind to and inhibit p16 INK4a , an inhibitor of cyclin D-dependent kinases, indicating the possibility that Tax is directly involved in cell cycle control (Low et al., 1997; Suzuki et al., 1996) . To analyse the eects of Tax on the cell cycle, we utilized an interleukin 2 (IL-2)-dependent human Tcell line, Kit 225, which can undergo cell cycle arrest at G0/G1 phase by deprivation of IL-2 (Hori et al., 1987) . Introduction of Tax via a recombinant adenovirus activated endogenous E2F activity in IL-2-starved Kit 225 cells. Subsequently the cell cycle progressed to S and G2/M phases in a cell type-dependent and p16
INK4a
-independent manner (Ohtani et al., 2000) . Transient transfection assay revealed that the cyclin D2 promoter, but not the cyclin D3 promoter, was activated by Tax. This eect of Tax was con®rmed by the Northern blot hybridization which showed that Tax induced endogenous cyclin D2 gene expression in IL-2-starved Kit 225 cells (Ohtani et al., 2000) . These results and those reported by others demonstrate that induction of cyclin D2 is mediated by transcriptional trans-activation by Tax (Santiago et al., 1999) . The cyclin D2 gene but not cyclin D3 gene has been reported to have an E2F binding site in the promoter (Brooks et al., 1996) , raising a question whether the induction of cyclin D2 gene expression by Tax is a consequence of cell cycle progression or is directly mediated by Tax leading to cell cycle progression.
In this study, to discriminate these possibilities we examined the role and molecular mechanism of Taxmediated activation of the cyclin D2 promoter. Our results show that Tax-mediated activation of E2F requires activation of D-type CDK. In addition, Tax directly trans-activates the cyclin D2 gene through two distinct elements: predominant activation of an NF-kBlike element in co-operation with activation of a CRElike element. These results indicate that the cyclin D2 gene is a critical target in Tax-mediated cell cycle progression.
Results

Requirement of D-type CDK in Tax-mediated activation of E2F
We previously reported that expression of HTLV-I Tax in IL-2-starved resting Kit 225 cells induced endogenous cyclin D2 gene expression along with activation of E2F and cell cycle progression (Ohtani et al., 2000) . In order to examine the role of cyclin D2 induction by Tax in Tax- Figure 1A ). This result indicates that activation of D-type CDK is required for Tax-mediated activation of E2F, implying the importance of induction of cyclin D2 by Tax in Tax-mediated cell cycle progression.
Dissection of the human cyclin D2 promoter
In this study, a chloramphenicol acetyltransferase (CAT) vector was used to minimize the eects of Tax Tax-mediated E2F activation. An E2F reporter plasmid, pE2WTx4-Luc, was transfected into Kit 225 cells along with or without pMT-2Tax and pbAp19
INK4d
. Cells were cultured in the absence of IL-2 for 48 h and examined for luciferase activity. Values are shown as means of triplicates with standard deviations. pHbAPr-1-neo vector was used as a Tax and p19
INK4d negative control. (B) Schematic representation of the human cyclin D2 promoter. Possible elements for E2F, CRE and NF-kB (NF-kB-like element 1 and element 2) are shown. These elements have been previously described (Brooks et al., 1996) . A putative element for CRE, NF-kB-like element 3 and NF-kB-like element 4 are indicated in the present study. (C) CAT assay of Tax-induced activation of the cyclin D2 promoter. The wild type and mutant cyclin D2 promoter plasmids were transfected into Jurkat cells along with pMT-2Tax and examined for CAT activity 48 h after transfection. X in a rectangle and circles shows mutations on vector sequences in terms of read-through transcription through the NF-kB transcription pathway.
The CAT reporter plasmid, pD2(71624)CAT, with the 71624 to 72 promoter fragment showed Taxdependent activation in Jurkat cells ( Figure 1C ). The previous study of cloning of the human cyclin D2 gene promoter indicated that sequences upstream of the ®rst exon contained a typical E2F binding site (71354 to 71347) and two NF-kB-like binding sites (71017 to 71008 and 7853 to 7840 designated as NF-kB-like element 1 and NF-kB-like element 2, respectively, in this study) (Brooks et al., 1996) (Figure 1B ).
To examine whether these elements mediated transcriptional activation induced by Tax, mutations were introduced into the E2F element and NF-kB-like elements. Mutants with one element each (data not shown) or the mutant with all three elements showed signi®cant changes in response to Tax like the wild type sequence, hinting that the promoter activity driven by Tax was not mediated through these three elements and the Tax-responsive element(s) reside in other regions of the promoter ( Figure 1C) .
To narrow down possible regions responsible for Tax-induced activation, four 5' deletion mutants were constructed, generating pD2(7444)-CAT, pD2(7372)CAT, pD2(7285)CAT and pD2-(7110)CAT. pD2(7444)CAT and pD2(7372)CAT showed higher transcriptional activities with slightly elevated fold activation than pD2(71624)CAT. Tax trans-activated pD2(7285)CAT, however fold activation was profoundly reduced as compared with those with pD2(71624)CAT and pD2(7372)CAT.
The results indicate that there could be elements responsible for Tax-induced activation between 7372 and 7285. In addition there was a possibility that other elements could be present in the region downstream of 7285.
Identification of the Tax responsive element between 7372 and 7285
To explore a putative Tax responsive element between 7372 to 7285, the 7372 to 7265 fragment produced by PCR was inserted into the cognate promoter sequence in pD2(7285)CAT. The 7372 to 7265 fragment showed the ability to be activated by Tax in copy number-dependent and orientation-independent manners ( Figure 2A ). A fragment (7303 to 7265) shortened at the 5' end in approximately 70 bp linked to the HTLV-I core promoter retained Tax responsiveness in a copy number-dependent manner ( Figure  2B ).
Careful searches for a possible element in this fragment identi®ed a CRE-like element that consisted of TTGCGTCA. To examine the involvement of the CRE-like element in Tax-dependent activation, a mutation was introduced in the core GTCA sequence, generating TTGCGCAG in the 7303 to 7265 fragment and its responsiveness to Tax was measured with HTLV-I core promoter. The mutant fragment did not show any appreciable increase in transcriptional activity in response to Tax ( Figure 2B ). On the other hand, the same mutation in a similar fragment (7372 to 7265) with the cognate promoter [pD2(7285)CAT] partially inhibited trans-activation by Tax, supporting the possibility that other Tax-responsive element(s) could be present downstream of 7285 (Figure 2A) . The results clearly demonstrate that Tax mediates its function, at least in part, through the CRE-like element located at 7294 to 7287.
The existence of multiple Tax-responsive elements
The sequences downstream of 7285 were found to contain two sequences related to NF-kB binding elements: 7130 to 7120 designated as NF-kB-like element 3 and 757 to 747 as NF-kB-like element 4 in this study. To examine functional properties of the elements we ®rst introduced a mutation in NF-kB-like element 3 in the 7285 to 72 fragment. The mutant fragment responded to Tax, but the magnitude was signi®cantly lower than the wild type fragment ( Figure  3A ). In addition, Tax signi®cantly trans-activated isolated NF-kB-like element 3 in a copy numberdependent manner ( Figure 3B ). These results indicate that NF-kB-like element 3 partly contributes to Taxdependent activation of the cyclin D2 promoter.
Unexpectedly, introduction of mutation in NF-kBlike element 4 in addition to the mutation in NF-kBlike element 3 in the 7285 to 72 fragment did not cause further modulation of the response to Tax ( Figure 3A ). In addition, no obvious response to Tax was observed with isolated NF-kB-like element 4, even with three tandem copies of the fragment ( Figure 3C ).
Similar results were seen in the 7444 to 72 fragment with mutations in the CRE-like element, NF-kB-like element 3 and NF-kB-like element 4. When the 7444 to 72 fragment was mutated in NF-kB-like element 3, a slight reduction (from 10.7 to 7.3) in responsiveness to Tax was observed ( Figure 4A ). Addition of a mutation in the CRE-like element further reduced the responsiveness to threefold. Under such conditions, additional mutation in NF-kB-like element 4 showed little eect. These results indicate that the CRE-like element and NF-kB-like element 3 contribute to Tax-mediated activation of cyclin D2 promoter in an additive manner.
Contribution of the CRE-like element and NF-kBlike element in Tax-mediated activation of cyclin D2 promoter was further characterized by Tax mutants. Tax has been known to be directly involved in activation of transcriptional pathways including CREB, NF-kB and SRF. The 7444 to 72 fragment was activated by Tax mutants (TaxSH2, TaxSH1, Tax703, Taxd3 and Tax410) which retained the activity to activate the NF-kB pathway in our experimental conditions. The Tax mutant (TaxM22), only capable of activating the CREB pathway and not the NF-kB pathway, induced only a slight elevation in the promoter activity of the fragment ( Figure 4B ). These results indicate that Tax-mediated activation of cyclin D2 promoter is predominantly mediated through the 
Interaction of elements with cellular factors
To gain insight into molecular basis of Tax-induced activation of the cyclin D2 promoter, the CRE-like element, NF-kB-like element 3 and NF-kB-like element 4 were subjected to gel mobility shift assay with whole cell extracts of HTLV-I producing MT-2 cells and HTLV-I unrelated Jurkat cells. The 7303 to 7265 fragment containing the CRE-like element gave two discrete complexes (indicated by a and b with arrows in Figure 5A ) with both cell extracts with similar intensities. The two complexes were greatly reduced when the same fragment was used as a competitor. A fragment with a mutation in the CRE-like element was not eective in competition ( Figure 5B ). Interestingly, the typical CRE sequence diminished only the a complex but remained the b complex almost intact. The complex formation with the cell extracts was further examined with probes of NF-kB-like element 3 and element 4. NF-kB-like element 3 formed complex indicated a with an arrow. The MT-2 cell extract gave larger amount of the complex than the Jurkat cell extract ( Figure 5C ). The complex formation was diminished by competition with the cognate fragment, NF-kB like element 4 and typical NF-kB sequence, but not with the typical CRE sequence ( Figure 5C ). Gel mobility shift assays with antibodies speci®c for subunits of the NF-kB complexes revealed supershift with anti-p50 antibodies and reduction in the complex Figure 2 Involvement of the CRE-like element in Tax-dependent activation of the cyclin D2 promoter. Two dierent fragments 7372 to 7265 (A) and 7303 to 7265 (B), including the CRE-like element were generated by PCR and veri®ed by sequencing. The fragments and their mutants were inserted into the cognate pD2(7285)CAT (A) and unrelated pdHE4 (B) in single or tandem forms in the sense or anti-sense orientation. The reporter plasmids were transfected into Jurkat cells along with pMT-2Tax. The cells were cultured for 48 h and CAT activities in cell extracts were determined. Boxes represent the fragments containing the CRElike element and arrows in boxes indicate the 5' to 3' direction of the nucleotide sequences. Black and white arrows show wild type and mutant sequences, respectively. The mutation was introduced within the CRE-like element, and designated as CREm Oncogene Direct activation of cyclin D2 gene by HTLV-I Tax Y Huang et al formation with anti-p65 and anti-c-Rel antibodies, indicating that the complex consisted of, at a minimum, p50, p65 and c-Rel when the complex was formed with the MT-2 cell extract ( Figure 5D ). Essentially the same result was obtained when NFkB-like element 4 was used as a probe (data not shown).
Discussion
The present study clearly demonstrates that Taxmediated E2F activation requires D-type CDK and that Tax directly activates human cyclin D2 promoter through, at least in part, an NF-kB-like element and a CRE-like element. Among three kinds of D-type cyclin molecules, T lymphocytes predominantly express cyclin D2 and cyclin D3 in an overlapping manner and cyclin D1 is scarcely expressed (Ajchenbaum et al., 1993) . HTLV-I infected cells have been shown to overexpress cyclin D2 and down-regulate the expression of cyclin D3 (Akagi et al., 1996) . Consistent with this, the cyclin D2 but not cyclin D3 promoter is trans-activated by Tax. Taken together, Tax-mediated transcriptional activation of the cyclin D2 gene is thought to play a key role in cell cycle progression induced by Tax. Figure 3 Involvement of NF-kB-like elements in Tax-mediated activation of the cyclin D2 promoter. (A) Eects of mutations on NF-kB-like elements. Mutations were introduced into either NF-kB-like element 3 (3 m) or both NF-kB-like element 3 and element 4 (3, 4 m) in the 7285 to 72 fragment. CAT reporter plasmids with the mutant fragments were transfected into Jurkat cells along with pMT-2Tax. After 48 h culture, CAT activity in cell extracts was determined and compared to that without Tax. (B) Taxinduced activation of NF-kB-like element 3. Oligonucleotides corresponding to NF-kB-like element 3 (7130 to 7120) was synthesized and inserted into the unrelated pdHE4 vector in single or tandem forms in the sense orientation. The nucleotide sequences were veri®ed by sequencing. Jurkat cells were transfected with these reporter plasmids together with pMT-2Tax and cultured for 48 h. CAT activity was determined with cell extracts. Boxes represent NF-kB-like element 3 with an arrow indicating 5' to 3' sequence direction. (C) Eects of Tax on NF-kB-like element 4. Similar to NF-kB-like element 3, NF-kB-like element 4 was generated, inserted into pdHE4, veri®ed and assayed for its ability to activate transcription in response to Tax
We previously demonstrated that the isolated and endogenous promoters of the human cyclin D2 gene were trans-activated by Tax. In the same series of experiments, we showed that Tax activated E2F, which has been known to be involved in expression of various cell cycle regulatory genes such as cyclin E and cyclin A through E2F binding elements. Initial characterization of the human cyclin D2 promoter identi®ed a typical E2F binding element (71354 to 71347) (Brooks et al., 1996) , raising a possibility that the E2F element could be responsible for Tax-induced activation of the cyclin D2 promoter. In the present study, however, we demonstrated that mutation of the element in the promoter showed little, if any, eect on the responsiveness to Tax, indicating that the element may not be responsible for the trans-activation. In fact, experiments with 5' deletion mutants showed that sequences downstream of 7444 were sucient for full reporter activity in response to Tax.
Our search identi®ed two Tax-responsive elements which are located downstream of 7444; a CRE-like element (7294 to 7287), and NF-kB-like element 3 (7130 to 7120). We cannot, however, formally exclude the possibility that the E2F binding element and NF-kB-like element 1 and element 2 have the potential to be activated by Tax in native promoter context.
A CRE-like element in the region was found to be partially responsible for Tax-mediated trans-activation. Not many cellular genes have been shown to be activated by Tax through the CREB transcription pathway. To our knowledge, only the CRE-like element of intercellular adhesion molecule 1 (ICAM-1) gene has been shown to be activated by Tax in an isolated form (Tanaka et al., 1996) . CRE requires additional sequences¯anking the core CRE to eciently respond to Tax, as a typical case shown in the 21-base pair motif of HTLV-I LTR. Interestingly, the¯anking sequences of both of the cyclin D2 and ICAM-1 CRE-like elements show six out of 13 base pair matches to the typical 21-base pair motif. Further analysis of the CRE-like elements of the Figure 4 Contribution of the NF-kB and CREB transcription pathways in the cyclin D2 promoter activation in response to Tax. (A) Implication of the CRE-like element, NF-kB-like element 3 and NF-kB-like element 4 in cyclin D2 promoter activation in response to Tax. The 7444 to 72 fragment was introduced with mutations in each of the CRE-like element and NF-kB-like element 3 or combination with NF-kB-like element 4. Mutant fragments were inserted into the CAT reporter plasmid which were transfected into Jurkat cells and asked for their ability to activate transcription in response to Tax. X in circles or boxes indicates mutations of nucleotide sequences which are shown in the text. (B) Responsiveness of the 7444 to 72 fragment to Tax mutants. pD2(7444)CAT was transfected into Jurkat cells along with expression plasmids for wild type Tax or Tax mutants, TaxSH2, TaxM22, TaxSH1, Tax703, Taxd3 and Tax410. CAT activity in cell lysates was then determined. pHbAPr-1-neo was used as a control ICAM-1 and cyclin D2 genes may reveal the signi®cance of the matches in Tax-mediated expression.
We identi®ed two NF-kB-like elements (NF-kB-like element 3 and element 4) which had not been indicated in the previous report (Brooks et al., 1996) . Both elements showed the ability to bind NFkB family proteins, mainly p65, p50 and c-Rel. However, reporter assay experiments showed that only NF-kB-like element 3 is responsive to Tax. The reason that NF-kB-like element 4 is not responsive to Tax, despite the ability to bind NF-kB family proteins, is not known at present. Promoter context may not be optimal for the mismatched sequence to be functional.
Analyses with Tax mutants showed that the native cyclin D2 promoter is trans-activated by Tax mainly through the NF-kB transcription pathway and partly through the CREB pathway. This is consistent with our previous ®nding that expression of the endogenous cyclin D2 gene is induced by Tax mutants capable of activating the NF-kB transcription pathway (Ohtani et al., 2000) . Cell cycle progression and activation of the cyclin D2 gene induced by Tax is also parallel in terms of mediation through the NF-kB transcription pathway. Our investigation indicates that Tax-dependent induction of the endogenous cyclin D2 gene precedes promotion of cell cycle progression by Tax. In addition, protein levels of cyclin D2 were signi®cantly increased in resting Kit 225 cells upon induction of Tax expression (unpublished results). These results suggest involvement of Tax-dependent activation of cyclin D2 in the cascade leading to cell cycle progression. D-type cyclins are involved in regulation of activity of CDK4 and CDK6 phosphorylating Rb family proteins, which is critical in G1 to S phase progression. In fact, Tax-mediated E2F activation was inhibited by p19
INK4d
, an INK4 family of CDK inhibitor speci®c for D-type CDK, indicating requirement of activation of D-type CDK for Taxmediated E2F activation. Taken together, induction of endogenous cyclin D2 by Tax is thought to play a critical role, presumably as one of initial steps, in promotion of cell cycle progression. In addition, overexpression of cyclin D2 is seen in various tumors such as testicular carcinoma and gastric cancer (Bartkova et al., 1999; Takano et al., 1999) . Collectively, induction of endogenous cyclin D2 by Tax is also important in leukemogenesis induced by HTLV-I. 
Materials and methods
Cells
Jurkat is a human acute lymphocytic leukemia T-cell line negative for HTLV-I (Minowada et al., 1972) . MT-2 is an HTLV-I-producing human T-cell line . These cells were cultured in RPMI 1640 medium containing 10% fetal calf serum (FCS) and antibiotics at 5% CO 2 in air. An IL-2 dependent human T-cell line Kit 225 (Hori et al., 1987) was maintained in RPMI 1640 medium containing 10% FCS and 0.5 nM IL-2 (Ajinomoto, Yokohama, Japan).
Plasmids
An E2F reporter plasmid, pE2WTx4-Luc, has been described previously (Ohtani et al., 2000) . A p19
INK4d expression vector, pbAp19
INK4d
, was constructed by insertion of a PCR ampli®ed human p19
INK4d cDNA fragment (nt 118 ± 796) into BamHI site of pHbAPr-1-neo (Gunning et al., 1987) . The 1624 bp KpnI ± HindIII fragment of cyclin D2 gene promoter from the luciferase reporter plasmid pCycD2-Luc(71624) (Ohtani et al., 2000) was inserted in front of the CAT gene of pSV0CAT (Gorman et al., 1982) to generate pD2(71624)CAT. pD2(7444)CAT, a 5' deletion mutant of pD2(71624)CAT was generated by deletion of the KpnI ± PvuII fragment. A series of other 5' deletion mutants were produced by digestion at restriction sites with exonuclease III and mung bean nuclease. These mutants were named according to the numbers of the 5' end of the promoter fragment. Mutants with point mutations introduced into the E2F, NF-kB-and CRE-like elements were constructed based on PCR mutagenesis. The sequences of these mutants are; E2F site: GCGCGAAA to GCATGAAA, NF-kB-like element 1: GAAGAGCCCCC to GAAGAGGTTCC, NFkB-like element 2: CGGGGCTTTCG to CGAACCTTTCG, NF-kB-like element 3: CGAAAACCCCC to CGAAA-AATTCC, NF-kB-like element 4: AGAAAAACCCT to AGAACAGTTCT and CRE-like element: TTGCGTCA to TTGCGCAG. pD2(7285)CAT and the pdHE4 CAT reporter plasmid (Ohtani et al., 1987) having the HTLV-I core promoter were used as a backbone vector to be introduced with one to four copies of the 7372 to 7265 and 7303 to 7265 fragments, respectively, in the sense or anti-sense orientation. These plasmids were named on the basis of 5' end to 3' end of the added fragment and the repeat number of the added fragment. When the mutant fragment was inserted, it was assigned with m. A series of expression vectors based on the human b-actin promoter for Tax (pMT2Tax) and its mutants (TaxSH2, TaxM22, TaxSH1, Tax703, Taxd3 and Tax410) were described previously (Matsumoto et al., 1997; Ohtani et al., 2000) . TaxSH2 retains ability to activate CREB, NF-kB and SRF transcription pathways. TaxM22 has a defect in activating the NF-kB transcription pathway and is weakly active in activating CREB transcription pathway. TaxSH1 is partially defective in activating the CREB transcription pathway. Tax703 and Taxd3 are incapable of activation of the SRF and CREB transcription pathways, respectively. Tax410 is defective and partially defective in activating the CREB and NF-kB transcription pathways, respectively, in Jurkat cells. pHbAPr-1-neo was used as a control vector.
Luciferase and CAT assays
Kit 225 and Jurkat cells (5610 6 ) were transfected with 5 mg of indicated reporter plasmids and eector expression vectors by the DEAE-dextran method (Ohtani et al., 1987) . After 48 h culture the cell extracts were prepared and assayed for luciferase and CAT activities as described previously (Johnson et al., 1993; Ohtani et al., 1987) . CAT activities were shown as per cent acetylation and trans-activation was expressed as fold activation of CAT activity with Tax as compared with that without Tax. The experiments were done at least three times, and means and standard deviations are shown.
Gel shift assay
Whole cell extracts were prepared from Jurkat and MT-2 cells and the gel shift assay was performed as previously described (Ikeda et al., 1996; Nakamura et al., 1989) . Unlabeled oligonucleotides were used as competitors at 100-fold molar excess. Oligonucleotides used as probes and competitors were as follows: 7303 to 7265: 5'-gtaCCAGCCAGCTTG-CGTCACCGCTTCAGAGCGGAGAAGAGC-3'; 3'-GGT-CGGTCGAACGCAGTGGCGAAGTCTCGCCTCTTCTCGccatg-5'. 7303 to 7265 CREm: 5'-gtaCCAGCCAGCTT-GCGCAGCCGCTTCAGAGCGGAGAAGAGC-3'; 3'-GG-TCGGTCGA ACGCGTCGGCGAAGTCT CGCCTCTTCTCGccatg-5'. Typical CRE: 5'-gtacCCTTGGCTGACGTCAG-AGAGAG-3'; 3'-GGAACCGACTGCAGTC-TCTCTCcatg. Typical NF-kB: 5'-gtaccAGAGGGGACTTTCCGG-3'; 3'-gTCTCCCCTGAAAGGCCcatg-5'. NF-kB-like element 3: 5'-gtacCCCCGAAAACCCCCTAg-3'; 3'GGGGCTTTTGGGGGATccatg. NF-kB-like element 3m: 5'gtacCCCCGAAAAATTCCTAg-3'; 3'-GGGGCTTTT-TAAGGATccatg-5'. NF-kB-like element 4: 5'-gtacCAGAAAAACCCTTTTC-CAG-3'; 3'-GTCTTTTTGGGAAA-AGGTCcatg-5'. NF-kBlike element 4m: 5'gtacCAGAACAGTTCTTTTCCAG-3' 3'-GTCTTGTCAAGAAAA-GGTCcatg-5'. For supershift assays, 1 mg of antibodies were incubated with whole cell extracts at room temperature 20 min before addition of labeled probes. The antibodies were anti-NF-kB p65 (sc-372X), anti-NF-kB p50 (sc-114X), anti-c-Rel (sc-1827X), anti-RelB (sc-226X) and anti-NF-kB p52 (sc-298X). The anti-E2F2 (sc-633) antibody was used as an unrelated control. All antibodies were purchased from Santa Cruz Biotechnology.
